Oxidative stress is mainly caused by a disturbance to the basal cellular redox state and has been implicated in various human diseases,^[@bib1],\ [@bib2]^ especially heart pathophysiological processes. It results in damage to subcellular organelles and nucleic acids and causes protein aggregation as well as alternations to a sequence of signalling cascades that affect cell apoptosis, ageing and autophagy.^[@bib3],\ [@bib4]^ Studying the mechanisms underlying the interaction of these signals in the context of cardiomyocyte oxidative stress would enable us to gain a deeper understanding of how to prevent oxidative damage during cardiovascular complications such as ischaemia--reperfusion injury.

Cardiomyocytes are highly metabolic and nonreplicative cells for which maintenance of homeostasis largely depends upon intracellular renewal. Autophagy refers to an evolutionarily conserved and programmed self-degrading process during which damaged organelles and aggregated proteins are enveloped by double membrane vesicles and sequestered for lysosome degradation.^[@bib5],\ [@bib6]^ Recent studies have highlighted the importance of autophagy in both physiological and pathological states. It is widely accepted that a physiological level of autophagy is crucial for maintenance of cellular homeostasis, whereas cells that undergo excessive autophagy exhibit autophagic cell death. Despite reports that autophagy can execute cell death in various scenarios, recent accumulating evidence has demonstrated that autophagy is more of a survival-prone response than an inducer of cell death.^[@bib6],\ [@bib7]^ Autophagy enables cells to recycle aggregated proteins and damaged organelles into raw materials that is essential for living cells to recover from stresses such as energy depletion and oxidative and endoplasmic reticulum stress (ER stress).^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^ Some diseases, including diabetes, cancer and neurodegenerative diseases, are closely related to malfunctions in autophagy.^[@bib6],\ [@bib12],\ [@bib13]^ Moreover, genetically depleting autophagy disrupts cellular functions *in vivo* and *in vitro.*^[@bib14],\ [@bib15],\ [@bib16]^ These reports suggest that autophagy may be a versatile and essential survival mechanism against stressors in mammalian cells.

The nutrient sensor mTOR (mammalian target of rapamycin) is likely the core regulator of autophagy. It suppresses autophagy through inactivation of ATG1 and ATG13 that are indispensable autophagy-related proteins (ATGs) for autophagosome biogenesis.^[@bib17],\ [@bib18]^ In parallel, the energy sensor AMPK (5′ adenosine monophosphate-activated protein kinase), which is abundant in cardiomyocytes, can activate autophagy through direct activation of ULK1 or by inhibiting mTORC1 in mammalian cells.^[@bib19],\ [@bib20]^

AMPK is a kinase composed of the catalytic subunit *α* and the regulatory subunits *β* and *γ*. AMPK becomes activated when phosphorylation occurs at threonine-172 of the catalytic subunit.^[@bib21]^ It modulates cell functions by regulating cell pathophysiological processes such as apoptosis, lipid metabolism, ageing and autophagy under stress.^[@bib20],\ [@bib22]^ Despite proof that AMPK protects cardiomyocytes from oxidative stress-induced injury,^[@bib23],\ [@bib24],\ [@bib25]^ little is known about the role of AMPK pathway-mediated autophagy in cardiomyocytes under oxidative stress. In addition, given the various altered signalling cascades during oxidative stress, it is tempting to assume that some signals might regulate autophagy by interacting with the AMPK pathway.

Calcineurin, also known as calcium/calmodulin-dependent protein phosphatase 2B (PP2B), reportedly mediates multiple signalling cascades, including apoptosis, by dephosphorylating several substrates in cardiovascular diseases.^[@bib26],\ [@bib27],\ [@bib28]^ It is still a matter of debate whether calcineurin is protective or detrimental to the heart. In addition, it is unknown whether calcineurin participates in regulating autophagy of cardiomyocytes during oxidative stress. The pharmacological inhibitor of calcineurin, cyclosporine A, has been reported to enhance AMPK phosphorylation in the rat hippocampus,^[@bib29]^ indicating the potential role of calcineurin in autophagy regulation. Therefore, we explored whether calcineurin is capable of regulating autophagy and the underlying molecular mechanism. Our present study reveals a novel role of calcineurin as an autophagy inhibitor by repression of the AMPK/mTOR signalling pathway. Moreover, we demonstrate that AMPK-dependent autophagy is cytoprotective in the context of oxidative stress.

Results
=======

Oxidative stress induces apoptosis and autophagy and increases calcineurin activity in cardiomyocytes
-----------------------------------------------------------------------------------------------------

In this study, we first confirmed the presence of oxidative damage in primary cardiomyocytes. We assessed cell viability at various time points using MTT assay. As shown in [Figure 1a](#fig1){ref-type="fig"}, there was a time-dependent decrease in cell viability to 40% compared with the control group at 12 h after exposure to hydrogen peroxide (H~2~O~2~).The reduction in cell viability was significantly reversed by pan-caspase inhibitor zVAD-fmk at later time points (6 and 12 h).The cleavage of caspase-3 was also used to determine the extent of apoptosis. Consistent with the cell viability assay, H~2~O~2~ treatment increased the cleavage of pro-caspase-3 (34 kDa) to its active form (17 kDa) in a time-dependent manner, as was evident at 6 and 12 h ([Figure 1b](#fig1){ref-type="fig"}).These results suggest that long-term H~2~O~2~ treatment induces caspase-dependent apoptosis in cardiomyocytes.

It has been documented that calcineurin transmits a pro-apoptotic signal in several apoptosis models.^[@bib27],\ [@bib28],\ [@bib30],\ [@bib31],\ [@bib32]^ Therefore, we postulated that a calcineurin-related signal response may be activated because of aberrant calcium signalling under oxidative stress conditions. To test this hypothesis, we performed a cellular calcineurin activity assay. As expected, the calcineurin activity significantly increased by threefold in response to long-term (12 h) H~2~O~2~ treatment in a time-dependent manner ([Figure 1c](#fig1){ref-type="fig"}).

Autophagy can be induced by stressors, including reactive oxygen species (ROS). We next detected the dynamic changes in autophagy by western blot analysis of microtubule-associated protein 1 light chain 3 (LC3), a recognised autophagy marker. Cytosolic LC3-I is converted to LC3-II via lipidation and redistributed to the autophagosome membrane in response to autophagic stimuli.^[@bib33]^ Thus, LC3-II directly reflects the number of autophagosomes. As shown in [Figure 1d](#fig1){ref-type="fig"}, H~2~O~2~ dramatically enhanced both LC3-I and LC3-II expression by threefold compared with the control group within the first 3 h of exposure. Notably, sustained treatment with H~2~O~2~ reduced the levels of both LC3-I and LC3-II.

Autophagy is a dynamic process that involves autophagosome formation and lysosome degradation. To assess the influence of H~2~O~2~ on autophagosome formation and the autophagosome--lysosome fusion process, we transfected cardiomyocytes with a construct expressing monomeric red fluorescent protein/green fluorescent protein (mRFP--GFP) tandem tagged LC3 protein to examine the autophagosome maturation process. In merged images, the yellow and red puncta represent autophagosomes and autolysosomes, respectively, because mRFP but not GFP retains fluorescence in the acidic environment of lysosomes.^[@bib34]^ Consistent with the results of western blot analysis, we observed that the number of autophagosomes rapidly increased within 3 h of H~2~O~2~ treatment. Sustained treatment resulted in a decrease in the number of yellow puncta, and the number of red puncta was also slightly reduced ([Figure 2](#fig2){ref-type="fig"}).

These data indicated that H~2~O~2~ induced autophagic flux; moreover, the number of autophagosomes decreased at the late stage (6--12 h) of treatment relative to the early stage. A few studies have reported that AMPK plays critical roles in the regulation of autophagosome formation in response to ROS.^[@bib35],\ [@bib36]^ We evaluated the phosphorylation of AMPK at threonine-172 that directly reflects its enzymatic activity. The changes in the expression of phosphorylated AMPK were similar to those observed for LC3-II. The phosphorylation of AMPK rapidly increased in response to oxidative stress, whereas it declined in a time-dependent manner beyond 3 h. Given these results, we wondered whether the apoptosis induced by prolonged oxidative stress is related to the reduced autophagosome formation and whether calcineurin is implicated in the regulation of autophagy through its effect on the AMPK/mTOR axis.

Inhibition of calcineurin promotes autophagy and alleviates oxidative stress-induced apoptosis in cardiomyocytes
----------------------------------------------------------------------------------------------------------------

To determine the potential role of calcineurin in autophagy, cardiomyocytes were treated with FK506, a specific calcineurin inhibitor, and subjected to prolonged H~2~O~2~ exposure (12 h). Consistent with our original assumption, we observed a pronounced elevation in LC3-II immuno-reactivity in the FK506 groups with or without H~2~O~2~ ([Figure 3a](#fig3){ref-type="fig"}). Inhibition of calcineurin not only resulted in an increase in the number of autophagosomes, but also enhanced the autophagic flux, as shown by the dramatic increase in the number of both GFP and mRFP puncta ([Figure 4](#fig4){ref-type="fig"}).

Previous studies have demonstrated that calcineurin induces apoptosis in mammalian cells, including cardiomyocytes. The role of calcineurin in the apoptotic model we used has seldom been tested. We observed that inhibition of calcineurin exerts a protective effect. As shown in [Figure 3a and b](#fig3){ref-type="fig"}, cells treated with FK506 displayed decreased cleavage of pro-caspase-3 after long-term (12 h) H~2~O~2~ treatment. The cell viability recovered by an average of 20% as detected by MTT assay. These results showed that inhibition of calcineurin enhances autophagy and protects cardiomyocytes from oxidative stress-induced apoptosis.

Overexpression of calcineurin inhibits autophagy and exaggerates oxidative stress-induced apoptosis
---------------------------------------------------------------------------------------------------

To further ascertain the inhibitory role of calcineurin on autophagy, cardiomyocytes were transiently transfected with a construct expressing the constitutively active form of calcineurin A (CnA). The cells were subsequently subjected to H~2~O~2~ or control vehicle (phosphate-buffered saline (PBS)) treatment for 3 h, a time point that showed maximum autophagosome formation and mild apoptosis ([Figures 1b, d](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Overexpression of calcineurin resulted in reduced LC3-II levels with or without H~2~O~2~ ([Figure 5a](#fig5){ref-type="fig"}). Moreover, although overexpression of calcineurin A did not markedly change caspase-3 cleavage under normal conditions, we observed increased activation of caspase-3 and decreased viability of cells after brief exposure to H~2~O~2~ (3 h) that were comparable to those observed after long-term H~2~O~2~ treatment (12 h) ([Figure 5b and c](#fig5){ref-type="fig"}). These results strongly indicate that calcineurin is a negative regulator of autophagy and exerts a pro-apoptotic effect during oxidative stress.

The AMPK/mTOR axis mediates the effect of calcineurin on autophagy and cell survival during oxidative stress
------------------------------------------------------------------------------------------------------------

AMPK/mTOR is critical in the regulation of autophagy, and a positive correlation between phosphorylation of AMPK and LC3-II expression was observed in our cellular model. We thus simultaneously evaluated the changes in the AMPK signalling pathway during both calcineurin inhibition and overexpression. As shown in [Figure 6a](#fig6){ref-type="fig"}, inhibition of calcineurin by FK506 significantly restored the phosphorylation of AMPK at 12 h in response to H~2~O~2~ treatment. Accordingly, the activity of the mTOR signalling, which negatively modulates autophagy and is known to be inhibited by AMPK, was downregulated when treated with FK506, as represented by decreased phosphorylation of mTOR (Ser2448) and its two primary downstream targets p70 ribosomal protein S6 kinase (p70S6K; Thr389) and elongation factor 4E binding protein 1 (4E-BP1; Thr37/46). In contrast, overexpression of the active form of calcineurin attenuated AMPK signalling and enhanced mTOR signalling under both normal and oxidative stress conditions ([Figure 6b](#fig6){ref-type="fig"}).

Because calcineurin has been shown to dephosphorylate protein kinase B (Akt),^[@bib37]^ which is also a potent regulator of mTOR, we examined whether Akt is involved in the regulation of mTOR by calcineurin. As shown in [Figure 6c](#fig6){ref-type="fig"}, inhibition of calcineurin by FK506 significantly increased the phosphorylation of Akt under normal conditions. However, this effect was not observed after H~2~O~2~ treatment. Similarly, calcineurin overexpression resulted in a significant decrease in the phosphorylation of Akt that was not observed with H~2~O~2~. These results indicate that Akt is not involved in the regulation of mTOR by calcineurin under oxidative stress conditions.

To further address the mechanisms by which calcineurin inhibits autophagy, we manipulated AMPK activity by expressing a dominant negative mutant of AMPK (DN-AMPK), thereby inhibiting endogenous AMPK activity. Cells expressing the kinase-dead K45R DN-AMPK*α*2 mutant exhibit greater basal phosphorylation levels as previously described.^[@bib38]^ As shown in [Figure 6d](#fig6){ref-type="fig"}, treatment with FK506 resulted in increased levels of LC3-II in cells expressing the control vector, whereas this effect was abolished in cells expressing DN-AMPK as shown by the unchanged LC3-II levels. FK506 failed to blunt mTOR signalling in cells expressing the DN-AMPK mutant. The activation of caspase-3 was also analysed by western blotting. As shown in [Figure 6d](#fig6){ref-type="fig"}, inhibition of calcineurin by FK506 decreased the level of cleaved caspase-3 in cells transfected with the control vector, whereas this effect was abolished in cells expressing the DN-AMPK mutant. These results indicate that the AMPK/mTOR axis is responsible for the induction of autophagy caused by calcineurin inhibition and to a certain extent mediates a protective effect against oxidative damage.

Calcineurin induces apoptosis through suppression of autophagy during oxidative stress
--------------------------------------------------------------------------------------

To investigate the role of autophagy in cell survival under oxidative stress conditions, we manipulated autophagy activity using rapamycin and 3-methyladenine (3-MA) to inhibit the activity of mTOR and class III PI3K, respectively, and to promote or suppress autophagy, respectively. As expected, western blotting and TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labelling) assays both showed that rapamycin attenuated the activation of caspase-3 and reduced the number of TUNEL-positive cells while inducing autophagy. FK506 mimicked the effects of rapamycin; however, 3-MA cancelled the protective effect of FK506 ([Figure 7a and b](#fig7){ref-type="fig"}).

In view of the fact that 3-MA and rapamycin have pleiotropic effects besides autophagy modulation, we synthesised small interfering RNA (siRNA) against essential autophagy gene *ATG7* to inhibit autophagy more specifically. Knockdown of ATG7 significantly inhibited the autophagy marker LC3-II ([Figure 7c](#fig7){ref-type="fig"}). Consistent with the results obtained from pharmacological modulation of autophagy, gene-specific inhibition of autophagy by ATG7 knockdown not only increased H~2~O~2~-induced apoptosis but also markedly blocked the protective effects of calcineurin inhibitor FK506 ([Figure 7c and d](#fig7){ref-type="fig"}). These results confirmed our hypothesis that autophagy is an adaptive response that protects cardiomyocytes under oxidative stress from apoptosis and that increased autophagic activity at least partially confers the protective effects of calcineurin inhibition.

Discussion
==========

In this study, we demonstrated that calcineurin confers oxidative stress damage on cardiomyocytes by negatively regulating cardiomyocyte autophagy through the AMPK/mTOR axis. The following evidence supports this conclusion: (1) inhibition of calcineurin dramatically enhanced AMPK/mTOR signalling, increased autophagy and partially rescued cardiomyocytes from cell death; (2) overexpression of calcineurin attenuated AMPK/mTOR signalling, decreased autophagy and exacerbated oxidative stress damage; (3) the induction of autophagy caused by calcineurin inhibition was abolished in cardiomyocytes expressing dominant negative mutant AMPK; and (4) inhibition of autophagy by 3-MA and ATG7 knockdown abrogated the protective effects of FK506.

In the case of oxidative stress, interaction of ROS and Ca^2+^ as inducer and effector alters several signalling pathways that are critical to cell survival. As a calcium-activated phosphatase, calcineurin is abundantly expressed in the heart and plays pivotal roles in many cardiovascular diseases involving oxidative stress.^[@bib26],\ [@bib39],\ [@bib40]^ It is still unknown whether calcineurin delivers pro-survival or pro-death signals in the heart. Transgenic mice that constitutively activate calcineurin A exhibit less apoptosis than WT littermates.^[@bib41]^ In contrast, calcineurin induces apoptosis through dephosphorylation of ASK1 and ARC in cardiomyocytes exposed to H~2~O~2~ and isoprenaline, respectively.^[@bib27],\ [@bib30]^ A more recent study revealed a novel role of calcineurin in transmitting the apoptotic signal during heart ischaemia--reperfusion by regulating mitochondrial dynamics.^[@bib28]^ Although it is well known that calcineurin directly triggers apoptosis or mediates the pro-apoptotic effect in cardiomyocytes and other cells, the link between calcineurin, autophagy and apoptosis remains obscure. Our present study suggests for the first time that apoptosis is induced at least partially by the retardation of autophagy caused by calcineurin activation. Consistent with other studies,^[@bib9],\ [@bib42],\ [@bib43]^ we demonstrated that AMPK/mTOR-dependent autophagy is a mechanism that protects against oxidative stress.

Excessive ROS has the potential to cause protein misfolding and mitochondrial damage^[@bib44],\ [@bib45]^ that are detrimental to proper mitochondrial function and cause energy and nutrient depletion. Autophagy is evolutionarily utilised by eukaryotic cells to recycle cellular waste into raw materials and thereby maintain homeostasis.^[@bib5],\ [@bib6]^ Given that a cardiomyocyte is a nonreplicating cell with a high metabolism, it is of great importance for cardiomyocytes to maintain high autophagic activity in response to oxidative stress. Because ROS cause various types of cell damage, such as energy deprivation, DNA damage, calcium abnormalities and mitochondrial aggregation, autophagy may be induced by perturbations to a series of signals. The role of AMPK, which senses energy status and regulates autophagy, has been well established. AMPK is able to induce autophagy through direct activation of Ulk1 (mammalian homologue of ATG1 in yeast)^[@bib19]^ and inhibition of mTORC1.^[@bib46],\ [@bib47]^ Given that calcium is one of the most common and effective signal transducers and plays key roles in oxidative stress,^[@bib48]^ calcium signals may tune autophagy. Recent studies implicate calcium signalling in the induction of autophagy via calcium/calmodulin-dependent protein kinase kinase *β* (CaMKK*β*)-dependent activation of AMPK.^[@bib49]^ In our study, however, we demonstrated that the calcineurin signal suppresses autophagy by counteracting the AMPK/mTOR axis that is consistent with previous studies in calcineurin-null mutants of *C. elegans* and in the cyclosporine A-treated rat hippocampus.^[@bib29],\ [@bib50]^

In our study, autophagosomes were rapidly assembled at an early stage after oxidative stress stimulus, but their numbers declined remarkably after continued stimulation. By utilising the tandem fluorescence LC3 microscopy assay, we verified the autophagic flux induced by oxidative stress. It is worth noting that the attenuation of the AMPK signal at late stages was observed in our experiments. Because AMPK functions as a potent autophagy regulator that affects autophagosome formation through a mTOR- and Ulk1-dependent mechanism, we still cannot rule out the contributions of attenuated AMPK signalling to the decrease in the number of autophagosomes at the late stage relative to the early stage, even though the decrease can be explained by the degradation of LC3 by the autophagosome clearance mechanism when it fuses with the lysosome. By either inhibiting or overexpressing calcineurin, we discovered that calcineurin regulates autophagy through the AMPK pathway. We have unveiled the role of AMPK-mediated autophagy on cell survival. Collectively, we proposed the following schematic model for the role of calcineurin in the regulation of oxidative stress damage. At early stages, the adaptive response is triggered and leads to AMPK activation, causing a higher autophagy level to maintain homeostasis. Despite modest increases in calcineurin activity, the adaptive signals activating AMPK are strong enough to offset the antagonistic effect of calcineurin on AMPK. However, with long-term exposure, a sustained increase in calcineurin activity beyond a certain threshold is sufficient to inhibit the AMPK pathway, thereby inhibiting adaptive autophagy with resultant cell death.

Although we identified AMPK as a main mediator of autophagy that is controlled by calcineurin, we did not exclude other mechanisms. To present studies, mTOR is at the convergence of multiple signals that modulate autophagy and is precisely regulated by upstream kinase cascades. Stressed cells often exhibit alternations of several different signals concurrently. Oxidative stress may affect mTOR at different levels. For example, the PI3K/Akt/mTOR axis is extensively studied in the regulation of autophagy. PI3K/Akt signalling negatively regulates autophagy by activating mTOR.^[@bib51],\ [@bib52]^ Calcineurin has been reported to directly dephosphorylate Akt.^[@bib37]^ Indeed, our results are in agreement with this study when cells are under normal conditions. However, we did not observe that calcineurin has a significant effect on Akt signalling in the context of oxidative stress. Inhibition of AMPK by overexpressing the DN-AMPK construct completely abolished the effect of FK506 on mTOR and the outcome of autophagy. These results strongly suggest that calcineurin regulates mTOR in an AMPK-dependent, Akt-independent manner. In addition to regulation through the AMPK/mTOR axis, calcineurin might affect autophagy by transcriptional modulation. Recent studies have shed some light on the relationship between calcineurin and forkhead transcriptional factors (FOXO).^[@bib53],\ [@bib54]^ FOXO1 and FOXO3 are able to regulate autophagy-related gene expression in cardiomyocytes.^[@bib55]^ Whether calcineurin regulation of cardiomyocyte autophagy involves a FOXO-dependent mechanism under oxidative stress conditions remains to be seen.

Despite that we have found that calcineurin attenuates AMPK-dependent autophagy, our understanding of how AMPK is regulated by calcineurin is still rudimentary. AMPK activity is precisely controlled by kinases that lead to phosphorylation at the Thr-172 residue. We speculate that calcineurin attenuates AMPK signalling through indirect regulation, because the dephosphorylation of AMPK is primarily under the control of PP2C*α* and PP2A.^[@bib56],\ [@bib57]^ TGF-*β*-activated kinase 1 (TAK1), liver kinase B1 (LKB1) and CaMKK*β* are upstream kinases of AMPK. In a study of the rat hippocampus,^[@bib29]^ cyclosporine A enhanced the phosphorylation of activation residues of TAK1 and LKB1. As a protein phosphatase, calcineurin may have the potential to dephosphorylate these kinases under calcium perturbation conditions. Although TAK1 has been identified as a target of calcineurin,^[@bib58]^ it will be interesting in our future work to determine whether calcineurin dephosphorylates these three kinases in this cellular model.

The current study is important because our findings define a novel interaction between calcineurin and the AMPK/mTOR pathway for the control of autophagy. We demonstrated that autophagy is a critical biologic process for the survival of cardiomyocytes undergoing oxidative stress. Because oxidative stress is involved in a series of cardiovascular complications, inhibition of calcineurin and activation of autophagy may be a novel therapeutic approach with a broad clinical potential to prevent oxidative stress damage to cardiomyocytes.

Materials and Methods
=====================

Cell culture and treatment
--------------------------

Primary rat cardiomyocytes were prepared as previously described.^[@bib59]^ Briefly, cardiac tissues were digested by pancreatin, and the isolated cells were resuspended in Dulbecco\'s modified Eagle\'s medium (DMEM; Hyclone, Logan, UT, USA) containing 10% fetal bovine serum FBS; Hyclone). Cardiomyocytes were purified by differential plating, and 0.1 mmol/l BrdU (5-bromo-2-deoxyuridine) was added to exclude the cardiac fibroblasts. Cells were cultured in a 5% CO~2~ and 37°C humidified atmosphere, and subsequent experiments were performed 48 h after plating. To simulate oxidative stress in cardiomyocytes, H~2~O~2~ was used at a final concentration of 150 *μ*M. ZVAD-fmk (40 *μ*M), FK506 (1 *μ*M) and rapamycin (500 nM) were dissolved in dimethyl sulphoxide (DMSO), and 3-MA (5 mM) was dissolved in the culture medium. All the chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell viability assay
--------------------

An MTT assay was used to determine cell viability. Adherent cardiomyocytes were washed and placed in fresh medium. The cells were treated as designated and were subsequently incubated with 20 *μ*l MTT (0.5 mg/ml) for 4 h. The culture medium was carefully removed, and 200 *μ*l DMSO was added to each well to dissolve the formazan. After the cells were rocked for 10 min, the absorbance values were read at 570 nm using an Infinite m200pro microplate spectrophotometer (Tecan, Salzburg, Austria).

Cellular calcineurin activity assay
-----------------------------------

Cellular calcineurin activity was measured by calcineurin cellular assay kit (ENZO Life Sciences, Plymouth Meeting, PA, USA) according to the manufacturer\'s protocol. Briefly, treated cells were collected using the lysis buffer supplied in the kit. The extracts were then subjected to desalting resin to remove free phosphate. The desalted lysates were incubated with the calcineurin substrate RII phosphopeptide in assay buffer and EGTA buffer at 30°C for 30 min to determine total phosphatase activity and phosphatase activity without calcineurin, respectively. Then, 100 *μ*l *BIOMOL GREEN* was added to each well to visualise the phosphate release. The colour was allowed to develop at room temperature for 20 min before the detection of the absorbance value at 620 nm on the microplate spectrophotometer. The absorbance value A~620~, ~total~ --A~620,\ EGTA\ buffer~ was converted to phosphate release using the standard curve that was prepared in each assay. The phosphate release was divided by protein concentration and normalised to the control group to obtain relative calcineurin activity.

TUNEL assay
-----------

Cells were plated on coverslips in 24-well culture plates and treated as described. To evaluate the extent of apoptosis, a TUNEL assay was performed using an *in situ* cell death detection kit (Roche, Mannheim, Germany) according to the manufacturer\'s protocol. The TUNEL-stained slides were washed with PBS and counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Beyotime, Shanghai, China). A laser confocal microscope (Olympus, Tokyo, Japan) was used to acquire the images. Nuclei that were double labelled with TUNEL and DAPI were considered to be TUNEL positive. The TUNEL-positive cells were counted in four non-overlapping microscopic fields of three independent experiments.

RNA interference
----------------

The siRNA targeting rat ATG7 and nontargeting negative control siRNA were designed and synthesised by Invitrogen (Shanghai, China). The siRNAs were transfected into cells using the Xtreme GENE siRNA Transfection Reagent (Roche) at a concentration of 100 nM according to the manufacturer\'s instructions. Subsequent experiments were performed 48 h after the transfection.

Plasmid transfections
---------------------

The tandem tagged GFP--mRFP--LC3 plasmid was generously provided by Dr. Tamotsu Yoshimori (Addgene plasmid, 21074, Addgene, Cambridge, MA, USA), the pcDNA3.0 plasmid that encodes DN-AMPK*α*2 (K45R) was generously provided by Dr. Morris J Birnbaum (Addgene plasmid, 15992, Addgene) and the pEGFP-C3 plasmid that encodes the constitutively active form of CnA was generously provided by Dr. Oliver Ritter (Würzburg, Germany). The control vectors pEGFP-C3 and pcDNA3.0 were obtained from Clontech (Palo Alto, CA, USA) and Invitrogen (San Diego, CA, USA) respectively. Primary cardiomyocytes at 70--80% confluence were transfected with 1.0--2.0 *μ*g plasmid using Xtreme GENE HP (Roche) according to the manufacturer\'s instructions. The cells were subjected to the different designated treatments after 36 h of transfection.

Tandem mRFP--GFP fluorescence microscopy
----------------------------------------

Cells transiently expressing GFP--mRFP--LC3 were treated as designated and were then observed by laser microscopy. The number of GFP and mRFP puncta per cell was quantified manually. At least 10 cells in 3 independent experiments were analysed randomly.

Western blotting
----------------

After the treatment described above, cells were lysed in RIPA buffer. The protein concentration was determined with a BCA kit (Beyotime) according to the manufacturer\'s instructions. For western blot analysis, 20--40 *μ*g denatured protein was separated on SDS-PAGE gels and transferred onto nitrocellulose membranes. Before incubation with the primary antibody, the membranes were blocked with 5% skim milk in TBS for 1 h at room temperature on a rocker. The membranes were incubated with diluted antibody in TBS containing 5% BSA and 0.1% Tween-20 at 4°C overnight. The membranes were washed 3 times with TBST (TBS containing 0.5% Tween-20) for 5 min each wash, followed by re-probing with fluorescence-conjugated secondary antibodies at room temperature for 1 h. Membranes were washed again 3 times with TBST for 5 min each before antibody detection using the Odyssey infrared scanning system (LI-COR Biosciences, Lincoln, NE, USA). The western blot bands were quantified using Odyssey 3.0 software and normalised with respect to the loading control. The antibody sources and dilutions used are as follows:

Antibodies against LC3B (2775, 1 : 1000), p-AMPK*α* (2535, 1 : 500), AMPK*α* (2531, 1 : 1000), p-mTOR (5536, 1 : 1000), mTOR (2983, 1 : 1000), p-p70S6K (9208, 1 : 500), p-4EBP1 (2855, 1 : 1000), caspase-3 (9662, 1 : 1000), Akt (9272, 1 : 1000), and ATG7 (8558, 1 : 1000) were purchased from Cell Signaling Technology (Danvers, MA, USA).

The antibody against p-Akt (sc-7985-R, 1 : 200) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

The antibody against *β*-actin (ab8226, 1 : 2000) was purchased from Abcam (Cambridge, MA, USA).

The fluorescence-conjugated secondary IRDye700/800 mouse and rabbit antibodies (1 : 10 000) were purchased from LI-COR.

Statistical analysis
--------------------

Quantitative data were reported as the mean±S.E.M., and one-way analysis of variance (ANOVA) was used to examine the difference between groups. Pairwise comparisons were performed using the Bonferroni *post hoc* test. A two-tailed value of *P*\<0.05 was considered statistically significant.
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![The effect of hydrogen peroxide (H~2~O~2~) on cardiomyocyte apoptosis, calcineurin activity, AMPK phosphorylation and LC3 expression. Primary cardiomyocytes were treated with H~2~O~2~ at a final concentration of 150 *μ*M for 1, 3, 6 or 12 h. (**a**) The effect of H~2~O~2~ on cell viability at various time points with or without zVAD-fmk. (**b**) H~2~O~2~ induces time-dependent activation of caspase-3 as shown by western blotting. The statistical bar graph (right panel) shows the comparison of cleaved caspase-3 levels that have been normalised to *β*-actin. (**c**) H~2~O~2~ time dependently enhances calcineurin (Cn) activity. Cells were treated as described. Calcineurin activity in each group was normalised to the control group. (**d**) The effect of H~2~O~2~ on LC3 and AMPK protein expression at each time point as detected by western blotting. The levels of LC3-II and p-AMPK were normalised to *β*-actin and are shown in the bar graph (right panel). Data are presented as the mean±S.E.M., *n*≥3. \**P*\<0.05 *versus* the control group, ^\#^*P*\<0.05 *versus* 3 h and ^†^*P*\<0.05 *versus* H~2~O~2~ alone at 6 and 12 h](cddis2013533f1){#fig1}

![Hydrogen peroxide (H~2~O~2~) promotes autophagic flux in cardiomyocytes. Cardiomyocytes were transfected with tandem-LC3 construct (GFP-mRFP-LC3) for 24 h, exposed to 150 *μ*M H~2~O~2~ for 1, 3, 6 or 12 h and photographed using confocal microscopy. Representative images are shown in the upper panel. Both the GFP and mRFP dots were counted, and the statistical analyses are shown in the bottom panel. The data were obtained from 3 independent experiments, and 10 cells were scored in each experiment. Scale bar=20 *μ*M. Data are presented as the mean±S.E.M. \**P*\<0.05 *versus* control GFP, ^\#^*P*\<0.05 *versus* control mRFP, ^†^*P*\<0.05 *versus* 3 h GFP, ^‡^*P*\<0.05 *versus* 3 h mRFP, and ^**§**^*P*\<0.05 *versus* the corresponding GFP dots at each time point](cddis2013533f2){#fig2}

![FK506 induces autophagy and alleviates hydrogen peroxide (H~2~O~2~)-induced apoptosis. Cells were incubated with or without H~2~O~2~ (150 *μ*M) in the presence or absence of FK506 (1 *μ*M) for 12 h and subjected to MTT assay and western blotting, respectively. (**a**) FK506 induced LC3 expression with or without H~2~O~2~. LC3-II levels were normalised to *β*-actin and are shown in the bar graph on the right panel. (**b**) FK506 increased cell viability and (**c**) decreased the cleavage of caspase-3. The cleaved caspase-3 expression was normalised to *β*-actin and is shown in the right panel. Data are presented as the mean±S.E.M., *n*≥3. \**P*\<0.05 *versus* the control group and ^\#^*P*\<0.05 *versus* the H~2~O~2~ alone group](cddis2013533f3){#fig3}

![FK506 promotes the formation of autophagosomes and autolysosomes. Cells were transfected as described in [Figure 2](#fig2){ref-type="fig"} and were subsequently treated as described in [Figure 3](#fig3){ref-type="fig"}. The number of both the GFP and mRFP dots was significantly increased with or without H~2~O~2~ treatment as shown in the bar graph in the bottom panel. Scale bar=20 *μ*M. Data are presented as the mean±S.E.M. \**P*\<0.05 *versus* control GFP, ^\#^*P*\<0.05 *versus* control mRFP, ^†^*P*\<0.05 *versus* H~2~O~2~-alone GFP and ^§^*P*\<0.05 *versus* H~2~O~2~-alone mRFP](cddis2013533f4){#fig4}

![Overexpression of calcineurin inhibits autophagy and sensitises cells to undergo H~2~O~2~-induced apoptosis. Cells were transfected with the control vector (CV) or vector expressing calcineurin A for 24 h and subsequently incubated with or without H~2~O~2~ (150 *μ*M) for 3 h. After the treatment, the cells were harvested for MTT assay and western blotting. (**a**) Calcineurin inhibits LC3 expression whether H~2~O~2~ is present or not. (**b**) Overexpression of calcineurin results in decreased cell viability and (**c**) increased caspase-3 cleavage. Data are presented as the mean±S.E.M., *n*≥3. \**P*\<0.05 *versus* the control group and ^\#^*P*\<0.05 *versus* the H~2~O~2~-alone group](cddis2013533f5){#fig5}

![AMPK/mTOR signalling mediates the effect of calcineurin on autophagy and cell survival after H~2~O~2~ treatment. (**a**) Inhibition of calcineurin by FK506 enhances AMPK phosphorylation and attenuates the phosphorylation of mTOR. Cells were treated as described in [Figure 3](#fig3){ref-type="fig"}, and whole-cell lysates were subjected to western blot analysis. (**b**) Overexpression of calcineurin attenuates the phosphorylation of AMPK and enhances mTOR phosphorylation. Cells were treated as described in [Figure 5](#fig5){ref-type="fig"}, and whole-cell lysates were subjected to western blot analysis. (**c**) Calcineurin attenuates Akt signalling under normal conditions but not under oxidative stress conditions. Cells were treated as previously described. (**d**) FK506 showed no effect on autophagy regulation, cell protection and mTOR inhibition in DN-AMPK-expressing cells. Cells were transfected with the control vector (CV) and the DN-AMPK vector for 24 h and subsequently incubated with 150 *μ*M H~2~O~2~ in the presence or absence of FK506 (1 *μ*M) for 12 h. Representative images are from three or more independent experiments](cddis2013533f6){#fig6}

![Autophagy protects cells from apoptosis induced by hydrogen peroxide (H~2~O~2~). (**a**) The effect of rapamycin, FK506 and FK506 combined with 3-MA on LC3-II and cleaved caspase-3 expression as detected by western blotting. (**b**) The effect of rapamycin, FK506 and FK506 combined with 3-MA on H2O2-induced apoptosis as determined by TUNEL staining. Cells were incubated with H~2~O~2~ (150 *μ*M) in the presence of rapamycin (Rapa, 500 nM), FK506 (1 *μ*M) or FK506 (1 *μ*M) combined with 3-MA (5 mM) for 12 h. (**c**) The effect of ATG7 knockdown on LC3-II and cleaved caspase-3 expression detected by western blotting. (**d**) The effect of ATG7 knockdown on H~2~O~2~-induced apoptosis as determined by TUNEL staining. Cells were transfected with negative control or ATG7 siRNA for 48 h and were subsequently subjected to H~2~O~2~ (150 *μ*M) for 12 h with or without FK506 (1 *μ*M). Scale bar=100 *μ*M, the data for statistical analysis were from three independent experiments and the percentage of TUNEL-positive cells was scored in four non-overlapping microscopic fields in each experiment. Data are presented as the mean±S.E.M. \**P*\<0.05 *versus* H~2~O~2~ alone and ^\#^*P*\<0.05 *versus* H~2~O~2~+FK506, ^†^*P*\<0.05 *versus* si-CTRL and ^§^*P*\<0.05 *versus* si-CTRL+FK506](cddis2013533f7){#fig7}
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